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Abstract Water management to protect agriculture in allu-
vial floodplains often conflicts with wildlife use of seasonal
floodwater. Such is the case along the Mississippi River in
southeastern Missouri where migrating shorebirds forage in
shallow-flooded fields. I estimated the current availability of
habitat for foraging shorebirds within the New Madrid and
St. Johns Basins based on daily river elevations (1943–
2009), under assumptions that shorebirds forage in open
habitat with water depth <15 cm and use mudflats for 3 days
after exposure. The area of shorebird foraging habitat, based
on replicated 50-year random samples, averaged 975 ha per
day during spring and 33 ha per day during fall.
Adjustments to account for habitat quality associated with
different water depths, duration of mudflat exposure, intra-
seasonal availability, and state of agricultural crops, indicat-
ed the equivalent of 494 ha daily of optimal habitat during
spring and 11 ha during fall. Proposed levees and pumps to
protect cropland would reduce shorebird foraging habitat by
80 %: to 211 ha (108 optimal ha) per day during spring and
9 ha (<3 optimal ha) per day during fall. Alternative water
management that allows natural flooding below a pre-
scribed elevation would retain nearly all existing shore-
bird foraging habitat during fall and about 60 % of
extant habitat during spring.
Keywords Digital elevation model . Flood control .
Floodwater . Foraging, Habitat quality . Mudflat . Shorebird
habitat . Temporal availability
Introduction
For centuries, mankind has recognized that the fertile soils
of alluvial floodplains yield abundant crops. However, farm-
ing bottomlands is risky–as untimely flooding may destroy
planted crops. Thus, prophylactic measures, such as levees,
dams, and canals, have often been undertaken to protect
alluvial farmland from flooding while crops are present.
Conflicts arise when wildlife or other ecological pro-
cesses are adversely impacted by these flood mitigation
efforts. Recognizing that long-term environmental bene-
fits result from alluvial flooding (Bayley 1995), flood
control advocates are increasingly seeking compromises
that provide socio-economic benefits for agriculture yet
still retain some of the benefits afforded by a natural
flood regime (Poff et al. 1997).
Along these lines, I sought to evaluate the impact on
wildlife habitat of different water management scenarios
associated with proposed flood control along the
Mississippi River in southeastern Missouri, USA. I devel-
oped and applied a robust methodology to assess the current
availability of shorebird foraging habitat associated with
historical variation in river elevation. This same methodol-
ogy was used to predict future availability of shorebird
foraging habitat under different water management sce-
narios that could be employed after flood control mea-
sures are implemented. This affords planners an
effective method to evaluate the tradeoffs between flood
control for agriculture and the resultant availability and
quality of wildlife habitat.
Extensive earthen levees that confine rivers within their
battures (i.e., the alluvial land between low-water stage and
the levees) and other flood control measures were
implemented along the Mississippi River and its tributaries
after record flooding in 1937 (Stevens et al. 1975). As a
result levees are now present along most of lower
Mississippi River (Nunnally et al. 1987). In addition, a
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network of canals throughout southeastern Missouri has
facilitated drainage of wetlands for agriculture.
Hydrological change alters adjacent ecosystems (Gergel et
al. 2002). As such, historically forested land within southeast-
ern Missouri has largely been converted to agriculture, yet the
St. Johns and New Madrid Basins remain subject to seasonal
inundation (Fig. 1). In part, this flooding results from a gap in
the levee system which permits backwater from the
Mississippi River to enter the New Madrid Basin when water
elevation is high. Historical data suggest that an average
(2-year event) backwater flood in the New Madrid
Basin inundates approximately 7,000 ha, of which
4,700 ha are used for agriculture (unpublished data, U.S.
Army Corps of Engineers, http://www.mvm.usace.army.
mil/stjohns/overview/default.asp). Even so, significant back-
water flooding inundated over 20,000 ha in 1973, and this
basin served as a floodway for the Mississippi River when
levees were breached in 1937 and 2011.
Conversely, contiguous levees protect the St. Johns Basin
from backwater flooding, but gravity-outlet, box culverts
through this levee allow drainage when the Mississippi
River elevation is lower than the water elevation within
the Basin interior. However, when culvet gates are closed,
surface drainage accumulates and lands behind the protec-
tive levee are inundated. In the St. Johns Basin, an average
2-year flood events inundates approximately 4,000 ha, of
which 2,500 ha are in agriculture (unpublished data, U.S.
Army Corps of Engineers).
Because most of southeastern Missouri was historically
forested, suitable habitat for shorebirds was uncommon. Yet
with most of the land within the New Madrid and St. Johns
Basins converted to agriculture, seasonal inundation now
provides shallow water and mudflats suitable for foraging
by shorebirds (Smith et al. 1996; Twedt and Loesch 1999).
Shorebirds (Charadriiformes) comprise a diverse group of
small to medium-large birds that generally forage for in-
vertebrates in shallow water (Recher 1966; Brown et al.
2001) in areas of sparse vegetation, such as harvested agri-
cultural lands (Helmers 1992; Rottenborn 1996; Twedt et al.
1998; Isola et al. 2000; Cole et al. 2002).
Few shorebird species breed in this region or are present
during winter; however, killdeer (Charadrius vociferous) and
common snipe (Gallinago gallinago) during winter, are excep-
tions. The greatest abundance and species diversity of shore-
birds within this region occur during spring and fall, as en-route
migrant shorebirds make “rest and refueling” stops during their
northbound (spring) and southbound (fall) passages (Skagen
1997; Elliott and McKnight 2000; Skagen 2006). Based on
conservation planning documents (Elliott and McKnight
2000; Loesch et al. 2000), and empirical observations reported
to the Lower Mississippi Valley Joint Venture Shorebird
Monitoring Program (http://www.lmvjv.org/shorebird/
default.asp), shorebirds of small or medium body size com-
prise the preponderance of these shorebirds (Table 1).
Although many factors contribute to habitat selection by
shorebirds (Burger 1984; Jing et al. 2007), suitable water
Fig. 1 St. Johns and New
Madrid Basin study area in
southeastern Missouri. Forest,
open water, and urban
landcover (left) were deemed
unsuitable for foraging
shorebirds. Relative flood
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depth is an important determinant of foraging habitat selec-
tion (Safran et al. 1997). More than 70 % of shorebird
species forage in water depths <10 cm and many species
are restricted to water depths of <5 cm (Helmers 1992;
Dinsmore et al. 1999; Skagen et al. 1999). Most small and
medium size shorebirds forage in water depths <6 cm with
some shorebirds foraging in exposed mudflat habitats or in
water of depth from 6 to 15 cm (Table 1). Shallowwater depth
was the most important predictor of shorebird abundance
within the Rainwater Basin in Nebraska (Webb et al. 2010).
Shorebirds forage on a variety of substrates, from bare
ground to >75 % vegetative cover, but most species prefer-
entially use sites with sparse (<25 %) vegetative cover
(Davis and Smith 1998; Dinsmore et al. 1999). In Texas,
95 % of foraging flocks used sites with <33 % vegetation
(Davis 1996). Moreover, abundance of some shorebird spe-
cies is negatively correlated with vegetation height (Colwell
and Dodd 1995) with most species found on sites where
vegetation height is less than half of their body height.
On wetlands that are managed for shorebird foraging
habitat, water is often retained for weeks or months to
stimulate production of aquatic invertebrates (Helmers
1992). Yet natural wetlands and rivers harbor myriad aquatic
invertebrates upon which shorebirds forage (Smith et al.
2012). In addition, terrestrial insects and other invertebrates
found in cultivated fields provide food for shorebirds when
these fields are flooded (Evans-Ogden et al. 2008). Thus,
lands subjected to backwater flooding that have sparse or
short vegetation (e.g., agricultural fields or grazed grass-
lands) provide foraging sites for migrating shorebirds.
Table 1 Shorebird species,
body size, presumed foraging
depth (cm), and number of
shorebirds detected during fall
on surveys in the 4 states (Mis-
souri, Kentucky, Tennessee, and
Arkansas) near the St. Johns-
New Madrid study area that
were reported to the Lower
Mississippi Valley Joint Venture
(LMVJV) Shorebird Monitoring
Program
aS = body length ≤190 mm, M =
body length 191–350 mm, and
L = body length >350 mm




Common name Scientific name Sizea Depth Numberb
Spotted sandpiper Actitis macularia M <4 535
Ruddy turnstone Arenaria interpres M <6 10
Upland sandpiper Bartramia longicauda M <6 19
Sanderling Calidris alba M <3 257
Dunlin Calidris alpina M <6 152
Baird’s sandpiper Calidris bairdii S <6 925
Red knot Calidris canutus M <6 2
White-rumped sandpiper Calidris fuscicollis S <6 540
Stilt sandpiper Calidris himantopus M <9 8785
Western sandpiper Calidris mauri S <6 2521
Pectoral sandpiper Calidris melanotos M <6 42549
Least sandpiper Calidris minutilla S <6 46626
Semipalmated sandpiper Calidris pusilla S <6 11817
Calidris spp. (peeps) Calidris spp. S <6 4674
Willet Catoptrophorus semipalmatus L <12 19
Piping plover Charadrius melodus S <3 25
Semipalmated plover Charadrius semipalmatus S <3 1672
Killdeer Charadrius vociferus M <3 15292
Common snipe Gallinago gallinago M <6 92
Black-necked stilt Himantopus himantopus L <20 4082
Short-billed dowitcher Limnodromus griseus M <12 1097
Long-billed dowitcher Limnodromus scolopaceus M <12 4622
Dowitcher spp. Limnodromus spp. M <12 1377
Marbled godwit Limosa fedoa L <12 18
Red-necked phalarope Phalaropus lobatus M various 18
Wilson’s phalarope Phalaropus tricolor M various 598
American golden-plover Pluvialis dominica M <9 80
Black-bellied plover Pluvialis squatarola M <9 518
American avocet Recurvirostra americana L <12 793
Greater yellowlegs Tringa melanoleuca M <12 787
Solitary sandpiper Tringa solitaria M <6 267
Lesser yellowlegs Tringa flavipes M <12 6533
Buff-breasted sandpiper Tryngites subruficollis M <3 371
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Given current land use within southeastern Missouri, sup-
plying the necessary mix of water depth and vegetative
structure during the time that corresponds with shorebird
migration is the most important issue for shorebird conser-
vation in this region (Brown et al. 2001).
The U.S. Army Corps of Engineers (USACE) has pro-
posed completion of an earthen levee to protect the New
Madrid Basin and installation of water pumping facilities
within both the St. Johns and New Madrid Basins. Proposed
pumps would transport water that accumulates behind
closed water control gates over the protective levees
with deposition in the Mississippi River batture. The
combination of levee and pumps is expected to elimi-
nate backwater flooding and reduce headwater flooding
within these basins, thereby diminishing the area of
habitat suitable for foraging shorebirds. Because its
connection with the Mississippi River will be severed,
habitat loss is anticipated to be greater within the New
Madrid Basin.
To assess the effect of completed levees and operation of
pumps, I sought to quantify the area of shorebird habitat
within the St. Johns and New Madrid Basins based on
historical flood conditions, and to predict the area of shore-
bird habitat available under presumed future flood condi-
tions. Specifically, my objectives were to:
1. Develop a methodology to quantify the area of potential
shorebird foraging habitat (i.e., land cover and hydro-
logic condition deemed suitable for shorebirds) relative
to intra-basin hydrological elevations (National
Geodetic Vertical Datum: NGVD) that were derived
from Mississippi River elevations (a.k.a., river stages),
historical precipitation, topography, and land cover,
2. Estimate the area of shorebird habitat within the St.
Johns and New Madrid Basins that is associated with
each 3.048 cm (0.1 ft) increment of intra-basin water
elevation,
3. Quantify the availability of shorebird habitat within the
St. Johns and New Madrid Basins during periods of
northward and southward migration of shorebirds,
based on historical intra-basin water elevations, and
4. Predict future availability of shorebird habitat during
periods of northward and southward migration of shore-
birds within the St. Johns and New Madrid Basins based
on projected future intra-basin water elevations.
Methods
Study Area
Area of investigation included 126,325 ha in the St. Johns
Basin and 47,670 ha in the NewMadrid Basin of southeastern
Missouri (Fig. 1). Greater than 90 % (163,235 ha) of
landcover in these basins is cropland, pasture, or other sparse
vegetation, that if shallowly inundated provide habitat condi-
tions suitable for foraging shorebirds (Fig. 1). I considered
areas with tall or dense landcover (e.g., forest or shrubs)
unsuitable for shorebirds. Similarly, areas in permanent water
(i.e., lakes and ponds) were assumed to be predominately of
depths that exceed shorebird foraging limits and thus not
suitable shorebird habitat (Fig. 1).
Initial landcover classifications within the St. Johns and
New Madrid Basins were obtained at 30-m resolution from
the Multi-Resolution Land Characterization Consortium’s
2001 National Land Cover data (available online at: http://
www.mrlc.gov/nlcd01_data.php, Homer et al. 2004, 2007).
Land use was verified by conducting site visits on 20 %
of the project area and crop types were assigned to agricultural
lands (K. Pigott, U.S. Army Corps of Engineers, personal
communication).
I reclassified the above landcover raster into binary de-
scriptors of shorebird habitat (suitable vs. non-suitable)
where non-suitable habitat included all forest classes (in-
cluding wooded wetlands), shrubland, open water, and high-
density developed areas (i.e., cities). All other cover classes,
including all crops, fallow fields, orchards, grassland, pasture,
low- and medium-density developed lands (i.e., farmsteads
and suburban areas), and herbaceous or emergent wetlands,
were considered potentially suitable as shorebird habitat.
Land cover data were updated using 2007 aerial imagery
obtained from the U.S. Department of Agriculture, National
Agricultural Imagery Program (http://www.fsa.usda.gov/
FSA/apfoapp?area=home&subject=prog&topic=nai).
Individual land–use polygons were visually compared with
aerial imagery and, where inconsistencies were identified,
corrections were made to the land–use data to conform to
aerial imagery. However, this comparison of landcover ras-
ter data with 2007 aerial photography revealed marked
discrepancies in areas deemed suitable shorebird foraging
habitat. That is, some areas of forest cover were classified as
‘open’ habitats whereas other areas of ‘open’ habitat were
classified as forested. Therefore, I converted the binary
depiction of shorebird habitat to a vector format and subse-
quently employed ‘heads-up’ digitization to correct habitat
polygons to reflect habitats interpreted from 2007 aerial
photography. Only areas within the St. Johns and New
Madrid Basins that had landcover suitable for shorebirds
during 2007 were considered when estimating areas of
potential shorebird foraging habitat (Table 2).
Wetland Reserve Program
Some areas deemed potentially suitable for shorebirds were
known to be enrolled in the U.S. Department of Agriculture’s
Wetland Reserve Program (WRP). As most WRP enrollments
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within this region are reforested or converted to semi-
permanent water, these areas will likely harbor little shorebird
habitat in the future. Thus, all lands enrolled in WRP were
removed from consideration as shorebird habitat.
In addition, U.S. Department of Agriculture personnel, in
cooperation with USACE personnel, estimated that WRP
enrollment over the next 50 years will increase by 345 ha in
the New Madrid Floodway and by 1,200 ha within the St.
Johns Basin. Based on the area of existing WRP enrollments
(i.e., average contract size: 87 ha in St. Johns, 67 ha in New
Madrid), enrollment of as few as 2 contracts per year would
realize these WRP projections within 10 years. Therefore I
assumed 10 % of projected future enrollment in WRP oc-
curred each year for 10 years and thereafter was stable.
Elevations of projected WRP enrollments were assumed
comparable to elevations within existing WRP enrollment.
Therefore proportionally equivalent areas were annually (for
10 years) removed from potential shorebird habitat. If an
elevation had insufficient area for allotted removal, propor-
tional removal was increased among remaining elevations
until requisite area was attained.
Foraging Habitat
Because most shorebirds forage in wet habitats, I assumed
only areas that were inundated or recently exposed from
inundation (i.e., mudflats) were suitable for use by foraging
shorebirds. However, based on predominant habitat use by
small and medium-sized shorebirds, I assumed habitats that
were shallowly flooded with ≤6.1 cm of water provided
optimal foraging conditions (Davis 1996; Safran et al.
1997; Isola et al. 2000). These shallowly flooded areas were
assigned maximum habitat suitability (s=1.0). Compared to
habitats flooded with ≤4 cm of water, 63 % fewer foraging
flocks used habitats flooded at depths from 4 to 16 cm
(Davis 1996). Therefore, I assumed these more deeply flood
habitats had less than optimal suitability which was inverse-
ly related to water depth but retained suitability ≥60 % of
maximum. Thus, I assigned suitability scores to flood
depths: 6.1–9.15 cm (s=0.8), 9.15–12.2 cm (s=0.7), and
12.2–15.25 cm (s=0.6).
Mudflats were used by foraging shorebird flocks at a
frequency 41 % of that observed in presumed optimal
shallow-water flooded habitat (Davis 1996). Because of
relatively less use of mudflats by foraging shorebirds, as
well as the presumed spatial heterogeneity in mudflat habitat
conditions, and uncertainty regarding the temporal stability
of exposed mudflats due to variation in drainage and rates of
evapo–transpiration, I assumed mudflats were less suitable
for shorebird foraging than shallow-water flooded habitat. I
inversely weighted suitability of mudflats relative to length
of exposure after inundation with the least suitable mudflat
habitat retaining 40 % of maximum suitability. Thus, mud-
flat exposed 1 day had suitability 60 % that of maxi-
mum (s=0.6), exposed 2 days (s=0.5), and exposed
3 days (s=0.4).
Migration Chronology
The quantitative distributions of shorebirds within the
93 day (15 March–15 June) spring migration period or
within the 122 day (1 July–30 October) fall migration period
Table 2 Area (ha) of land cover
class (circa 2007, U.S. Army
Corps of Engineers) and respec-
tive crop type class and shore-
bird habitat class within the St.
Johns and New Madrid Basins in
Missouri
Land cover Crop type Shorebird habitat New Madrid St. Johns
Forest and shrubland Non-crop Unsuitable 534 2,483
Developed: high intensity 2 179
Open water 492 380
Woody wetland 3,596 5,389
Corn Corn-sorghum Suitable 5,229 23,799
Sorghum 1,158 583
Cotton Cotton 123 2,641
Developed: ≤medium intensity Fallow 2699 11,160
Fallow 78 292
Herbaceous Grass-herbaceous 89 124
Pasture/hay/grass 157 3,539
Wetlands 123 120
Soybean Soybean 24,820 32,863
Winter wheat Wheat 7,346 28,516
Rice Rice 257 1,440
Other small grains Other crops 18 279
Other crops 2 69
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are not uniform: Fewer birds are present at the beginning
and end of each migration period. Because site-specific data
on temporal distribution of shorebirds were not available, I
presumed the temporal distribution of small and medium
shorebirds was as provided by Skagen et al. (1999) between
35o and 40o north latitude in North America. I modeled
abundance as a function of time (day) within each migration
period. The best-fit regression models of shorebird abun-
dance were:
Spring ¼ 1:012 dayð Þ þ 0:0255 day2ð Þ  0:0004 day3ð Þ;
Fall ¼ 4:2538 dayð Þ  0:0598 day2ð Þ þ 0:0002 day3ð Þ;
where day was the interval after the first day within
each migration period. From these regression models I
estimated the intervals within each migration period
wherein 50 % and 90 % of the migrating shorebird
populations were predicted to be within the study area.
Assuming the greatest benefit occurs when the greatest
abundance of shorebirds have access to suitable forag-
ing habitat, I assigned maximum value (t=1.0) to those
days (24 April–23 May during spring and 5 August–16
September during fall) wherein 50 % of the population
was predicted to be present. For those remaining days
of each migration period that harbored an additional
40 % of the population, thereby accounting for 90 %
of total population (3 April–8 June during spring and 14
July–13 October during fall), migration period value
was reduced to 90 % of maximum (t=0.9). For all other
days within the spring and fall migration periods, during
which only 10 % of the shorebird population was pre-
dicted to be present, I reduced migration period value to
50 % of maximum (t=0.5). Using these migration peri-
od values, the daily area of shorebird foraging habitat
equivalence, previously estimated from suitability of
flood conditions in areas of suitable landcover, was
modified to reflect temporal availability of habitat with-
in each migration period.
Crop Chronology
Suitability of inundated lands as shorebird habitat likely
diminishes with increased density and height of vegeta-
tion. As such, I ascertained the usual first and last
planting and harvest dates for crops grown in Missouri
(National Agricultural Statistics Service 2010) and using
9 reclassified land cover types (Table 2) developed step-
functions of suitability for each of 7 crop types that
reflected: decreased suitability of habitat after planting
(crop suitability; c=0.75), an additional decrease in suit-
ability upon presumed maturation (c=0.5), increased
suitability upon initiation of harvest (c=0.75), and sub-
sequent return to maximum suitability (c=1.0) upon
completion of harvest (Fig. 2). Land cover classified
as fallow or developed (open, low density, or medium
density) was assumed to be maintained in suitable con-
dition as shorebird habitat and retained maximum suit-
ability (c=1.0), whereas land cover classes deemed
unsuitable as shorebird habitat were assumed to have
zero crop suitability (c=0.0).
I calculated the area of each crop type class within
each 3.05 cm contour elevation for each river basin and
determined its proportion of all potentially suitable
shorebird habitats within the respective contour eleva-
tion. For each day of the year, I summed the products
of proportion of crop type class (constant among days)
and crop suitability index (varied among days) to deter-
mine an elevation-day crop development index. Where
the elevation-day crop development index was the pro-
portion of crop type class times the crop type class
suitability index for the day, summed over 8 crop type
classes (Table 2). To account for intra-annual change in
crop status within each contour elevation, I decreased
the area of optimally suitable shorebird habitat using its
corresponding elevation-day crop development index.
Thus for each day, the optimal-equivalent area of shore-
bird foraging habitat was calculated as:
Area ¼
X
ha*s*t*CDIð Þ; summed over all elevations;
where
ha area in hectares inundated <16 cm or exposed from
inundation within the previous 3 days
s water depth or mud exposure suitability
t temporal suitability within spring or fall migration
periods.
CDI elevation-day crop development index.
Water Elevations
Neither St. Johns nor New Madrid Basin had river gauge
(water elevation) records suitable for direct estimation of
intra-basin water levels. Therefore U.S. Army Corps of
Engineers personnel derived daily intra-basin water ele-
vations for each of these basins from 1943 to 2009 based
on: 1) period of record data from New Madrid river
gauge (MS115, −89.53222, 36.58306, 0.2 km down-
stream from the mouth of St. Johns Bayou at river
navigation mile 889.0, http://www.mvm.usace.army.mil/
hydraulics/docs/gagtitl/ms115hdr.htm); 2) regional pre-
cipitation records from weather stations at New Madrid
and Sikeston, Missouri and Cairo, Illinois; 3) topogra-
phy; and 4) land cover. From these data, daily intra-basin
water elevations were calculated for the St. Johns Basin
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(Online Resource A1) and the New Madrid Basin
(Online Resource B1) using the computer program
HUXRAIN (B. J. Bruchman, Memphis District, U.S.
Army Corps of Engineers, personal communication).
Flood Assessment
I obtained digital vertical elevation (NGVD) contours at
0.3048 m (1 ft), derived from light detection and rang-
ing (LiDAR) data within the New Madrid Basin and
derived from geodetic and hydrologic data within the
St. Johns Basin, from U.S. Army Corps of Engineers
(K. R. Pigott, Memphis District, U.S. Army Corps of
Engineers). A fundamental underlying assumption for
subsequent estimation of shorebird habitat within the
St. Johns and New Madrid Basins was that these
0.3048 m elevation contours reasonably approximated
the extent of floodwater associated with their respective
intra-basin water elevations.
I used ArcMap 9.3 (ESRI, Redlands, California) geo-
graphic information system to spatially interpolate
3.05 cm (0.1 ft) interval elevations between each pair
of elevation contours (Online Resource C1). The total
area (ha) included in each 3.05 cm elevation was
Fig. 2 Step functions used to characterize crop-type suitability for every day of year based on first and last planting and harvesting dates within
Missouri and a presumed 4 week period of rapid initial growth (National Agricultural Statistics Service 2010)
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summed separately within each basin and represented
the area inundated at each corresponding intra-basin
water elevation.
Model Application
Within each river basin, for each day from 1 January 1943 to
30 November 2009, I projected intra-basin water elevations
for each water elevation interval and estimated the area of
landcover suitable for shorebird foraging that was inundated
with ≤15.25 cm of water. Concurrently, I projected inunda-
tions associated with water elevations for each of the previ-
ous 3 days. When inundation was greater during any of the
previous 3 days (i.e., falling water levels), the area of suit-
able landcover exposed after inundation was estimated sep-
arately for each of these 3 days. That is, the area between the
daily water-land interface contour (0 depth) and the contour
representing the previous day’s flood extent was summed to
represent mudflat habitat exposed on each day. The total
daily area of potential shorebird habitat with suitable land
cover within the St. Johns and New Madrid Basins was the
combined areas of inundation ≤15.25 cm in depth and
mudflats exposed within the previous 3 days. For each
day, this sum represented the total area (i.e., footprint)
available to shorebirds for foraging.
Not all of the area available to shorebirds is optimal for
foraging and areas of presumed suitable shorebird foraging
habitat within each flood-depth interval were weighted by
their depth-specific suitability. Similarly, areas of exposed
mudflats were weighted relative to suitability associated
with length of exposure after prior inundation. All suitable
habitats were also temporally weighted to account for the
likelihood of migrating shorebirds being present in the
study area, and to account for seasonal change in develop-
ment of crops. Daily sums of appropriately weighted for-
aging areas, which account for presumed foraging quality
and temporal suitability, provided a measure of ‘optimal’
habitat equivalence (i.e., the equivalent area of suitable
shorebird foraging habitat if quality and temporal avail-
ability were optimal).
To determine the area of shorebird foraging habitat avail-
able during spring and during fall, I estimated the mean and
variance associated with 200 bootstrap samples, wherein
each sample consisted of 50 years of intra-basin water
elevation data that were randomly selected (with replace-
ment) from historical records for years 1943–2009. I
assessed the range of annual variation in available shorebird
foraging habitat by identifying annual minimum and maxi-
mum areas of shorebird foraging habitat during spring and
during fall. For each daily water-level scenario within the
spring and fall migration periods (1943–2009) for the St.
Johns Basin (Online Resource A1) and New Madrid Basin
(Online Resource B1), I estimated: (1) the total area of
potential shorebird foraging habitat (i.e., open land) that
was flooded regardless of depth, (2) total area of potential
shorebird foraging habitat that was inundated with
≤15.25 cm or exposed from inundation for ≤3 days, (3)
the equivalent area of shorebird foraging habitat after ac-
counting for presumed quality of foraging habitat, (4) the
equivalent area of shorebird foraging habitat that also
accounted for temporal availability of habitat within migra-
tion periods, and (5) the optimally equivalent area of forag-
ing habitat that accounted for habitat quality, and temporal
availability, as well as crop planting, growth, and harvest.
Forecast Prediction
As congressionally authorized, proposed flood control mea-
sures will ostensibly restrict floodwater elevations from
spring through fall to ≤85.04 m NGVD within the St.
Johns Basin and ≤84.73 m NGVD within the New Madrid
Basin. Pumping of impounded water would commence
within each basin at these prescribed elevations and contin-
ue until sump elevations were reduced to 84.43 m NGVD in
the St. Johns Basin and 83.82 m NGVD in the New Madrid
Basin.
Recognizing that extreme rainfall events and pump lim-
itations will likely prevent strict adherence to authorized
flood elevation limits, and that intentional retention of sump
elevation above falling river elevation is possible, U.S.
Army Corps of Engineers personnel (B. Bruchman, personal
communication) generated projected estimates of water ele-
vations under authorized flood restrictions for the St. Johns
Basin (Online Resource A2) and the New Madrid Basin
(Online Resource B2) using methodologies identified above
to derive daily water elevations that reflect historical water
elevations. I forecast the probable area of foraging habitat
for shorebirds based on intra-basin water elevations using
the same methods described above, but with historical daily
water elevations replaced with daily water elevations
projected under authorized flood restrictions.
Because flood events that do not impact crop production
or imperil residential areas are socio-politically acceptable
and environmentally beneficial, three alternative water man-
agement scenarios that allow greater inundation were also
evaluated within the New Madrid Basin (Table 3). The
most liberal of these proposed alternatives would pro-
vide flood protection to elevations ≥88.39 m NGVD
throughout the year whereas more conservative water-
management alternatives provide increased flood pro-
tection from spring through fall (Table 3). Using the
methodologies described above, daily estimates of intra-
basin water elevation were projected to reflect the im-
pact of alternative water management (Online Resource
B3, B4, and B5). These projections were subsequently
used to predict the daily area of shorebird foraging
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habitat that would be available under proposed alterna-
tive water management scenarios.
Results
Based on historical river elevations, shorebird foraging hab-
itat is available on >80 % of days during spring but <50 %
of days during fall and is present on more days within the St.
Johns Basin than within the New Madrid Basin (Table 4).
Despite a smaller area, average daily shorebird foraging
habitat within the New Madrid Basin was markedly greater
than that available within the St. Johns Basin (Table 5).
Mean daily area of shorebird foraging habitat within both
basins was 29 times greater during spring (974.9±126.4 ha;
x ± SD) than during fall (33.4±13.5 ha; Table 5).
After adjusting for habitat quality, temporal availability,
and crop condition, mean daily optimally equivalent area of
shorebird foraging habitat within both basins was >40 times
more abundant during spring (494.3±66.9 ha) than during
fall (11.0±5.0; Table 6). During an average spring day,
shorebird foraging habitat was present on nearly 1,000 ha
of 3,700 flooded ha, but habitat quality and temporal avail-
ability suggest <500 ha of optimally equivalent habitat were
available for foraging. In contrast, during an average fall day
only 33 ha of shorebird foraging habitat were present, with
the equivalence of <12 ha of optimal foraging habitat.
Upon completion of levee, adherence to pump maintained
sump elevation ≤85.04 m NGVD within the St. Johns Basin
would reduce the total availability of shorebird foraging hab-
itat within this basin by about 30 % in spring and approxi-
mately 40 % in fall (Table 5). In contrast, maintaining the
sump elevation at ≤84.73 m NGVD, as authorized within the
New Madrid Basin, would reduce the total availability of
shorebird foraging habitat within this basin by ≥98 % during
both spring and fall (Table 5) with the optimal equivalent area
of shorebird foraging habitat similarly reduced during both
migration periods (Table 6).
An alternative water management scenario that affords
year-round flood protection only for elevations ≥88.39 m
NGVD within the New Madrid Basin (Alt. 3: Table 3) will
preserve current shorebird foraging habitat during fall and
retain nearly >50 % of current shorebird foraging habitat
during spring (Table 6). Moreover this alternative water
management scenario should encompasses >50 % of annual
variation in shorebird foraging habitat associated with his-
torical river elevations (Table 6). In contrast, alternative
water management scenarios proposed for the New
Madrid Basin which allow increased inundation only
during spring (Alt.1 and 2: Table 3) do not mitigate
loss of shorebird foraging habitat during fall, and during
spring would likely result in 70 %–85 % reduction in
shorebird foraging habitat (Table 5) and optimally
equivalent shorebird foraging habitat (Table 6).
Discussion
Because reduction in the area of shorebird foraging habitat
associated with completion of levees was greater within the
New Madrid Basin, alternative water management scenarios
were proposed to mitigate loss of shorebird foraging habitat
within this basin. All alternative water management scenar-
ios increased the area of available shorebird foraging habitat
during spring compared to that provided under authorized
conditions. However, compared to current habitat availabil-
ity within the New Madrid Basin (based on historical water
levels), even the most liberal alternative water management
scenario reduced potential foraging habitat in spring by
Table 3 Water elevations (m NGVD) associated with requisite man-
agement actions for three alternative (Alt. 1, Alt. 2, and Alt. 3) water
management scenarios proposed for the New Madrid Basin upon
completion of contiguous Mississippi River levee and installation of
pumps. Congressionally authorized intra-basin water elevations are
84.73 m before starting to pump water from inside levees with contin-
ued pumping until water elevation of 83.82 m is achieved
Dates Close gate Start pump Stop pump
Alt. 1 Alt. 2 Alt. 3 Alt.1 Alt. 2 Alt. 3 Alt.1 Alt. 2 Alt. 3
15 November–28 February 87.63 87.63 87.63 88.24 88.24 88.24 87.78 87.78 87.78
1 March–15 April 87.17 86.56 87.63 87.78 87.17 88.24 87.48 86.87 87.78
16 April–30 May 86.56 85.95 87.63 86.56 85.95 88.24 85.95 85.34 87.78
1 June–14 November 84.89 84.89 87.63 85.19 85.19 88.24 84.89 84.89 87.78
Table 4 Number of days per year shorebird foraging habitat was
available during the 93–day spring migration period and the 122–day
fall migration period within the St. Johns and New Madrid Basins in
southeastern Missouri, 1943 to 2009 (n=67)
Basin Migration Mean SE Minimum Maximum
New Madrid Spring 77.6 2.1 20 93
Fall 23.5 2.7 0 122
St. Johns Spring 90.4 0.8 51 93
Fall 60.7 3.6 4 122
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44 %, whereas the more conservative water management
scenarios resulted in habitat reduction of >71 %
(Table 5). Moreover, proposed water management sce-
narios that prevent flooding during fall nearly eliminate
shorebird foraging habitat, with projected average daily
shorebird habitat <1 ha during fall. Conversely, allowing
water levels to fluctuate year-round below 88.39 m
NGVD likely would result in retention of an area of
foraging habitat for shorebirds during fall comparable to
that which currently exists in the New Madrid Basin.
Table 5 Daily area (ha) of shorebird habitat, irrespective of quality,
during spring (15 March–15 June) and fall (1 July–30 October) within
the St. Johns and New Madrid Basins in southeastern Missouri. All
projections based on 2007 landcover and 200 bootstrap samples of
daily river elevations, each of comprised of 50 years, randomly
selected from 1943 to 2009. Current conditions based on historical
river elevations, whereas authorized (and alternative) conditions reflect
restricted water elevations due to completion of levees and operation of
pumps
Basin Migration Conditions 50 year projections Annual variation
Mean SD 95 % lcl 95 % ucl Min Max Low High
St. Johns Fall Current 13.0 3.0 7.1 18.9 5.0 23.6 0.0 158.0
Authorized 8.0 2.1 3.9 12.1 3.5 15.3 0.0 91.9
Spring Current 284.7 40.2 205.9 363.5 184.9 401.6 0.9 1242.4
Authorized 200.4 29.5 142.7 258.1 113.9 275.8 0.4 775.1
New Madrid Fall Current 20.4 10.5 0.0 41.4 0.7 63.1 0.0 532.0
Authorized 0.5 0.1 0.3 0.7 0.2 0.8 0.0 7.1
Alternative 1 0.7 0.2 0.3 1.0 0.2 1.2 0.0 15.9
Alternative 2 0.7 0.2 0.3 1.0 0.3 1.2 0.0 15.9
Alternative 3 19.9 9.3 1.6 38.2 1.7 48.5 0.0 471.7
Spring Current 690.2 86.2 521.2 859.2 483.9 1053.8 0.0 2082.7
Authorized 11.1 5.4 0.4 21.8 3.6 30.5 0.0 285.4
Alternative 1 201.2 24.6 153.0 249.4 140.4 287.6 0.0 601.9
Alternative 2 104.1 10.7 83.2 125.0 76.5 136.3 0.0 428.3
Alternative 3 389.4 40.1 310.8 468.0 256.0 510.6 0.0 928.0
Table 6 Daily area (ha) of ‘optimally equivalent’ shorebird habitat,
relative to foraging conditions and presumed shorebird abundance,
during spring (15 March–15 June) and fall (1 July–30 October) within
the St. Johns and New Madrid Basins in southeastern Missouri. All
projections based on 2007 landcover and 200 bootstrap samples of
daily river elevations, each comprised of 50 years, randomly selected
from 1943 to 2009. Current conditions based on historical river eleva-
tions, whereas authorized (and alternative) conditions reflect restricted
water elevations due to completion of levees and operation of pumps
Basin Migration Conditions 50 year projections Annual variation
Mean SD 95 % lcl 95 % ucl Min Max Low High
St. Johns Fall Current 4.0 1.1 1.9 6.1 1.4 7.7 0.0 59.6
Authorized 2.5 0.7 1.2 3.9 1.0 4.8 0.0 32.5
Spring Current 149.8 22.5 105.7 193.9 96.9 217.1 0.5 741.6
Authorized 103.3 16.1 71.8 134.8 56.5 147.0 0.2 441.1
New Madrid Fall Current 7.0 3.9 0.0 14.7 0.2 23.8 0.0 205.2
Authorized 0.2 0.0 0.1 0.2 0.1 0.4 0.0 2.6
Alternative 1 0.2 0.1 0.1 0.4 0.1 0.4 0.0 6.3
Alternative 2 0.2 0.1 0.1 0.4 0.1 0.4 0.0 6.3
Alternative 3 7.0 3.6 0.0 14.1 0.6 17.6 0.0 194.3
Spring Current 344.5 44.4 257.4 431.4 237.7 517.7 0.0 1098.4
Authorized 4.9 2.1 0.9 8.9 1.7 11.8 0.0 98.5
Alternative 1 101.8 12.9 76.5 127.1 68.8 142.3 0.0 339.2
Alternative 2 49.3 5.1 39.3 59.2 35.4 63.9 0.0 164.5
Alternative 3 218.4 23.6 172.1 264.7 141.2 285.4 0.0 560.1
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I assumed intra-basin water elevations would fluctuate
with river stage. However, the development of management
pools and intentional retention of water would increase the
area of shorebird foraging habitat above that identified by
the model. Thus, water management prescribed specifi-
cally to create and maintain foraging habitat for shore-
birds within either of these basins should increase the
availability of foraging habitat without flooding beyond
proposed management scenarios.
I assumed that 0.3048 m elevation contours developed by
U.S. Army Corps of Engineers’ personnel provided a rea-
sonable approximation of the ground elevation and drain-
ages within the St. Johns and New Madrid Basins. As such,
the extent of floodwater associated with each respective
intra-basin water elevation was accurately depicted through
conformity to these elevation contours. Interpolated
3.048 cm elevation contours between adjacent 0.3048 m
elevation contours were undoubtedly inexact. However, this
shorebird foraging habitat model assumes that variation in
flooded area is unbiased within the entirety of the landscape
under consideration and thus, on average provides a reason-
able approximation of suitably flooded areas. That is, the
exact geographic distribution of areas assumed to be suitable
for shorebird foraging was not accurately identified but the
total area of suitably inundated and recently exposed
(mudflat) habitat was presumed to be an accurate represen-
tation of daily conditions.
During the past 15 years, >2,300 ha of agricultural
land have been enrolled in the Wetland Reserve
Program with >1,500 additional ha anticipated to be
enrolled within the St. Johns and New Madrid Basins.
I assumed these additional enrollments would occur
within the next 10 years and that the elevation distri-
bution of future enrollment will be similar to past
enrollment. When the geo-spatial extents of future
WRP enrollments become known, removal of the as-
sociated land area will improve the prediction of po-
tential shorebird habitat.
I assumed that past water levels provide a good
prediction of future water levels. However, if future
flood events are on average more frequent and of great-
er intensity as some climate models predict (Burkett et
al. 2001), completion of levees and operation of pumps
would markedly reduce intra-basin water levels and
shorebird foraging habitat. Yet, because the area and
duration of availability of shorebird foraging habitat
would likely increase in association with more frequent
and intense flood events, the extent and availability of
shorebird foraging habitat may remain sufficient to sup-
port migrating shorebird populations. Conversely, if fu-
ture flood events become less frequent and of lower
intensity (i.e., lower water elevations or shorter dura-
tion), the effects of proposed levee and pumps would be
lessened. Even so, a small reduction in a diminished
shorebird foraging area may be detrimental to migrating
shorebird populations.
Although the findings and projections of shorebird
foraging habitat area developed within this study are
limited to the two study area river basins within south-
eastern Missouri, the methodology and application used
during this assessment are transferable to any river
basin with extant historical records of river elevation
and for which a suitable topographic depiction of ele-
vation within the basin under consideration is available
or can be developed. Thus, this technique may be
applied by regional conservation planners to estimate
the area of shorebird foraging habitat. Moreover, con-
servation planners could use resultant projection of the
area of shorebird foraging habitat to guide, mitigate, and
improve projected future habitat conditions based on
different water management scenarios. Such compari-
sons allow assessment of the economic and ecological
tradeoffs of different water management strategies and
may provide insight regarding the need and justification
for increased flood control measures.
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